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Abstract  
Copper-indium Gallium disulfide (CuInGaS2) is a good absorber for photovoltaic 
application, Thin films (CIGS) were prepared by spray pyrolysis on glass substrates in the 
ambient atmosphere. The films were characterized by different technique, like structural, 
morphological, optical, and electrical properties of CuInGaS2 films were analyzed by X-ray 
diffraction (XRD), Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), 
spectrophotometer and Hall effect respectively. After optimization the deposited films 
structure, grain size and crystallinity became more important with an increase of annealing time 
at 370 °C for 20 min, Transmission electron microscopy (TEM) analysis reveled that the cable 
sheet are well crystalized and the inter planer distance are 0.25 nm, 0.28 nm and 0.36 nm. The 
Atomic Force Microscope (AFM) observation shows that the grain size and roughness can be 
tolerated by optimizing the annealing time. The strong absorbance and low transmittance were 
observed for the prepared films with a suitable energy band gap about 1.46 eV.  
The Hall-effect measurement system revealed that CIGS films exhibited optimal electrical 
properties, resistivity, carrier mobility and carrier concentration were determined to be 4.22 
×106 Ω cm, 6.18× 102 cm2.V-1. S-1   and 4.22 × 106 cm-3, respectively. The optoelectronic 
properties of this material CuInGaS2 makes it recommended to be used for the manufacture of 
solar panels more efficient. 
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Photovoltaic energy is a precious and effective energy. current research is oriented 
towards the manufacture of solar panels with a high conversion rate of light into electricity with 
a low cost [1] to have a very good performance of the photovoltaic cells it is necessary to 
improve the properties of the semiconductors which constitute the solar cells [2] for this reason, 
CIGS thin films are among the most widely used thin films due to their physical characteristics 
because its yield reaches up to 22.8% [3]. CIGS have a live bandgap only with the control of 
the substitution by Ga can be from 1.04 eV to 1.68 eV, and high optical absorption coefficient 
of 105 cm-1 [4]. 
Several techniques are developed to elaborate CIGS thin films such as sputtering [5], 
PVD[6], CVD[7], sol gel [8], Electrodeposition [9], co-evaporation [10], pulsed laser 
deposition[11], and spray pyrolysis as a technique has several advantages among them it is at 
the least cost, simple to implement and allow a large production area [12]. 
CIGS thin films were developed by spray pyrolysis in different annealing times and 
characterized by X-ray diffraction, The Atomic Force Microscope (AFM), Scanning electron 
microscopy (SEM), Transmission electron microscopy (TEM), UV- visible and with four probe 
method to get an idea of the structural characteristics, the morphology, and the optical and 
electrical properties of the thin layers. the annealing temperature has a great impact on the 
recanalization and the morphology also on the efficiency of the photovoltaic cell, which is why 
we have found the interest to make a complete study on the adequacy of this parameter on the 
CIGS thin films with different annealing times with the same annealing temperature which 
equals 370 °C. 
3-Experimental: 
1. The precursors used, 
For the deposition of CIGS thin films, a solution has been prepared which contains 
different masses of the three precursors, CuCl2, InCl3, SC(NH2)2 or they are dissolved in 
distilled water after we have from the Gallium with a percentage of 10 percent of indium. we 
deposited the solution by the technique of spray pyrolysis on a cleaned glass substrate. 
2. Deposition technique, 
The deposition of the thin layer by spray pyrolysis is controlled by the spraying of the 
solution on a heated substrate which can be controlled by the setting of the spray rate by the 
Automator which a direct impact on the surface of the substrate is, the spraying time is related 
to the thickness of the deposited thin film [13]. The parameters of the pyrolysis spray technique 
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which are bound to the technique have been fixed so that the temperature of the substrates is 
set at 370 °C. The pulverization rate has D = 1 ml / min, the distance between the atomizer and 
substrate is fixed     d = 25cm, the spray time set half an hour. after the deposition of the thin 
layer it was treated with different time. 
Spray technique involves preparing CIGS (CuInGaS2) from electrolytic bath containing 
the Cu-In-Ga-S elements in the form CuCl2, InCl3, GaCl3, SC(NH2)2, Thin layers were 
deposited on glass substrates at 370 °C using the spray pyrolysis technique [13]. CIGS thin 
films were prepared using different precursors, CuCl2 (1.10-2 M), InCl3 (1.10-2 M ), GaCl2 (1.10-
2 M) and  SC2 (NH2) 2  (3.10-2 M) as a  sulfur source which were dissolved in distilled water 
and the obtain a solution was sprayed in air on Preheated glass substrates of dimension (2cm x 
2cm x 1mm) at 370°C temperature, using the spray rate of D = 1ml / min, the distance between 
the atomizer and the glass substrate is 25 cm and the spray time was set at t = 30 min.  
During the spray all parameters were fixed, only annealing time were change throughout 
the deposition. Afterwards, the samples were rinsed under DI water and dried in 60 °C oven for 
5 min.  for the crystallinity improvement the as - deposited samples were annealed in a furnace 
tube at 370 ºC for different annealing time. 
                                             Table 1: the deposition conditions of sprayed CIGS  





Sprayed CIGS 1 370 2.5 2 5 
Sprayed CIGS 2 370 2.5 2 10 
Sprayed CIGS 3 370 2.5 2 20 
                                              
4-Results and Discussion: 
X-ray diffraction measurements (XRD): 
The obtained films have a crystalline structure similar to chalcopyrite. The spectra shows 
maximum intensity for peaks [112], [220-204] and [312-116], while the more intense [112] 
peak appears in all spectra indicating that growth is preferred in this direction [14] at the 
intensity level we analysis that the most intense peaks corresponding to the sample CIGS3 with 
20 min of annealing time shows that the intensity increases with the annealing time. 
lattice parameters: 
To calculate the lattice parameters [15] could be used two equations 1 and 2 taking into 









      (1) 
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𝑛𝜆 = 𝑑$&" sin(𝜃)     (2) 
a, c: lattice parameters, d hkl is the lattice spacing of hkl. h, k and l are the Miller indices, k is 
the wavelength of the CuKα radiation (0.154 nm), 2θ is the diffraction angle of the 
corresponding plane. After the calculation we got the lattice parameters. 
a= 5,54 Å   and     c= 11,14 Å 
Grain size and effective lattice strain: 
Effective lattice strain can give us an idea about the imperfections and deformations of 
the grains in the level of the thin layer sprayed, for the calculation we can use the following 
equation (3) where it links the grain size with the effective lattice strain [16]. The grain size of 




+ 4	εsin(𝜃)               (3) 
Where K is a constant whose value was taken as 0.94, k is the wavelength of X-ray used, 
𝛽 is the full-width half maximum (FWHM), θ is the Bragg angle, D is grain size and ԑ is the 
effective lattice strain.  
Dislocation density: 
The density of dislocations can be estimated by measurements made by Transmission 
Electron Microscopy (TEM) which gives more precision on a specific area of the thin layer or 
by calculations from X-ray diffraction data (XRD) [17].  The dislocation density of the crystal 
was evaluated using the formula. 
𝛾 = 1 𝐷26             (4) 
Table 2: Parameters of XRD of sprayed CIGS films. 
Sample  Grain Size (nm) Dislocation density (nm-1) Lattice strain (ԑ) 
Sprayed CIGS1 429.82 5.41.10-6 0.62 
Sprayed CIGS2 546.26 3.35.10-6 0.56 
Sprayed CIGS3 567.22 3.10.10-6 0.52 




Fig 1. XRD results for sprayed CIGS with different annealing time. 
Scanning electron microscopy (SEM):  
The morphology of thin layers prepared by spray pyrolysis are examined by Scanning 
electron microscopy (SEM), the figures show that the surface is smooth of the three editions 
but there is a noticeable difference in the size of the grains and the density of the surface [18]. 
as we see that for the thin layer Sprayed CIGS1 that has been treated at 370 °C for 5min, we 
notice the appearance of the grains, but it is a little weak with a small size. for the thin layer 
sprayed CIGS2 or treated at a temperature of 370 °C hang 15 min there is the growth of the 
gains and compact surface, for the thin layer Sprayed CIGS3 treated at the same temperature 
370 °C for 20 min the surface is compact, and the grains is dense with a large size. This shows 
that the treatment of the surface of the thin films at temperature 370 °C for 20 minutes plays a 
necessary role for the enlargement of the grain size which is considered important for the 
effectiveness of the absorber. 




Fig 2.  SEM images with different annealing time (a) CIGS1 for 5min, (b) CIGS2 for 10 min, 
(c) CIGS3 for 20 min and (d) Cross Section for CIGS 20 min. 
Transmission electron microscopy (TEM): 
Transmission electron microscopy is a direct method to have direct access to the size and 
shape of grains as well as the polydispersity of nanocrystals [19] the images took by 
Transmission electron microscopy shows that inter-plane distance of the grains is becoming 
larger with the duration of surface treatment of the thin layers prepared by spray pyrolysis. 
The surface treatment time 5 min, 10 min and 20 min of the samples increases the inter 
planer distance of the samples 0.25 nm, 0.28 nm and 0.36 nm respectively.  




Fig 3.  TEM images (a) CIGS1 for 5 min, (b) CIGS2 for 10 min and (c) CIGS3 for 20 min. 
Atomic force microscopy (AFM): 
Figure 4 shows 2D and 3D surface topography with difference in roughness and grain size 
of the films [20]. According to AFM analysis annealing time effect the roughness and the grain 
size of the samples which illustrate in table 3. The grain boundaries of the films become low 
due to increasing of the grain size to reduce the recombination rate and increase the device 
performance, which is favorable for the performance of solar cells as the roughness increases 
to trap more light.  






Fig 4. 2D and 3D AFM images of CIGS thin films (a) CIGS1 5 min, (b) CIGS2 10 min and 
(c) CIGS3 20 min. 
Sample ID Roughness (nm) Grain Size (nm) 
Sparyed-CIGS1 5min 318 429.82 
Sprayed-CIGS2 10min 490 546.26 
Sprayed-CIGS3 20min 751 567.22 
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Table 3: Roughness and Grain Size of CIGS thin films prepared by Spray pyrolysis. 
Optical proprieties:  
Absorbance, transmittance and gap energy: 
Annealing temperature and annealing time have an impact on the optical properties 
and the optical constants which are very important for the efficiency of a semiconductor 
[21]. The absorbance figure shows that the absorption is very remarkable for the sprayed 
CIGS3 sample or it is treated at a 370 °C temperature for 20 min and it has been recorded in 
the wavelength range (400 nm to 900 nm). It is found that all the films have a high 
absorbance and a low transmittance. There is a small difference in the results in terms of 
percentage (%) of the absorbance and transmittance of the films. The highest transmittance 
value is observed for the CIGS1 sprayed (25%) with annealing for 5 min and the CIGS3 film 
with a lower transparency of 10%. 
       
 
Fig 5. Optical absorbance of the CIGS thin films obtained by spray with annealing. 
By processing the swings at a temperature 370 °C hang 20 min this shows high absorbance 
in the visible region with a maximum value of about 1.15. 




Fig 6. Optical transmittance of the CIGS thin films. 
to calculate the gap energy of the thin films prepared we use the following equation and 
it conclude from the linear diagram of (αhυ)2 versus hυ [22]. 
(αhυ)2 = B (hυ- Eg )                                             (2) 
where α is absorption coefficient and its calculated by equation (3), h is Planck constant, 
B is a constant, Eg is the band gap energy and t is the thickness of the thin films. 
                                                                      (3) 
The calculated values of band gap energy are 1.66 eV for sample sprayed CIGS1, 1.62 eV 
for Sprayed CIGS2. For sample Sprayed CIGS3, a strong absorbance and band gap energy of 
the order of 1.46 eV make the films annealed at Temperature 370 ºC hang 20 min a good choice 













Fig 7. Optical absorbance of the CIGS thin films. 
Optical constants 
	
	The optical constants, namely refractive index (n), extinction coefficient (k), real part (εr) 
and imaginary part (εi) of dielectric constant for CIGS, which were calculated using Eqs (4), 
(5), (6) and (7) whose values are presented in table 1 [23]. 
                                                      (4) 
                                                                                 (5) 
                                                                   (6) 
                                                                           (7) 
where n is the refractive index, k is the extinction coefficient, λ is the wavelength, α is the 
absorption coefficient and R is the reflectance of the films. The value of refractive index for the 
films spayed is attributed to the thickness of the films. The high extinction coefficient value is 
observed for this spayed CIGS3 due to the high absorption into this film compared by anthers.  
The high extinction coefficient values are attributed to the absorbance.  
The both real and imaginary part of dielectric constant decrease with the wavelength and the 


























Fig 8. Imaginary part dielectric constant of the CIGS thin films. 
 
Fig 9. real part dielectric constant of the CIGS thin films. 




Fig 10. Extinction coefficient of the CIGS thin films. 
 
Fig 11. Refractive index of the CIGS thin films. 
Table 4. Optical properties of the CIGS thin films. 
Precursor n k 𝜀r 𝜀i 
Sprayed CIGS1-5min 4 0.03 12.5 0.25 
Sprayed CIGS2-10min 4 0.03 12.5 0.25 
Sprayed CIGS3-20min 5 0.04 14 0.37 
 
Electrical properties 
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Hall effect measurements gave us several information on electrical properties, we used four 
prob methods to give electrical resistance using the equation below [18]. 
                                                          R = Rs x t                  (9) 
Where t is the thickness and Rs is the resistivity of the thin film. 
The resistivity of the three thin layers is of the order of 10-2 (Ω.cm), the lowest is observed 
resistivity values for the layers are annealed and the resistivity it is in order of of 0.65 (Ω. cm) 
for all samples. The values obtained by the reported work [18]. The low values of resistivity 
are attributed to the electrical nature of CIGS semiconductors. The concentration and mobility 
of the charge carriers in the CIGS layers are determined by Hall effect measurements [24]. The 
measurements made by the Hall effect allowed us to determine the resistivity (Rs) where we 
found that it is the order of 10-2 Ω.cm and the mobility (µ) is of the order 102 cm2 / V s and for 
the concentration in carriers (n) is  the order 106 1 /cm3  The mobility (μn) and the concentration 
(n) of the charge carriers are listed in table. 
Table 5: Electrical properties of the CIGS thin films calculated using Van der pauw method. 
  
5-Conclusion: 
The CIGS thin films were prepared and deposited by spray technique and treated with a 
370 ºC annealing temperature at different annealing times. Thin films have been studied using 
several characterization techniques such as X-ray diffraction to calculate the lattice parameters 
effective lattice strain and Dislocation density. Scanning electron microscopy (SEM) shows 
that the surface is with a noticeable difference in grain size. Transmission electron microscopy 
(TEM) results is confirm strong relation that films are polycrystalline. 
Atomic force microscopy (AFM) shows a remarkable relation with the grain size and 
roughness of the surface of the films.  The high absorbance and low transmittance are observed 
for the films prepared with a bang gap energy of approximately 1.46 eV. Optical constants such 
as refractive index (n), extinction coefficient (k), real part (εr) and imaginary part (εi) of the 
dielectric constant were extracted by Absorbance / transmittance data. 
The carrier concentration, the mobility, the resistivity and the conductivity for the films 
treated at a 370 °C time for 20 minutes are 1.2 E+16 1/cm3, 652.60 10-2 Ω.cm,0.8 E+15 1/ Ω.cm, 
Sample Concentration 
(1/cm3) 






CIGS1-5 min 1.5 E+15 404.4 606.6 2.5 E+15 6.87 E+2 
CIGS2-10 min 1.1 E+16 434.07 651.015 3.8 E+15 7.98E+1 
CIGS3-20 min 1.2 E+16 435.01 652.605 0.8 E+15 8.74E+1 
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8.74E+1 cm2/V s respectively. By considering the values found for the electrical properties, it 
is proposed that the annealing time of 20 min under a temperature of 370 ºC is the right choice 
for the development of solar cells based on CuInGaS2. 
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